Recently, polymerase chain reaction-based estimates of visual pigment spectral tuning from genomic DNA have offered an alternative to the authoritative but rather slow and complicated retinal microspectrophotometry method. The genomic DNA method involves sequencing a fragment of the short-wavelength sensitive pigment, type 1 (SWS1) opsin gene covering amino acid positions 86, 90, and 93 and has been utilized in a wide range of avian species. Other key tuning sites have been proposed but not sequenced in the genomic DNA-based spectral sensitivity studies. We have designed 5 new primers for sequencing gene fragments of the ultraviolet-/violet-tuned SWS1 opsin gene containing the first, second and third, and sixth and seventh a-helical transmembrane regions and the spectral tuning sites 49, 86, 90, 93, 116, 118 and 298. Testing these primers on various bird species reveals some novel combinations of amino acid residues at the tuning sites. The potential significance of these on spectral tuning is discussed.
The ultraviolet-sensitive (UVS) and violet-sensitive (VS) short-wavelength sensitive pigment, type 1 (SWS1) (Yokoyama 2002) , visual pigment contains one of the most variable naturally occurring opsins, with regard to spectral tuning (see Wilkie et al. 2000) . The avian single-cone photoreceptors with an SWS1 pigment have a wavelength of maximum absorbance (k max ) that varies categorically between species. Two classes of spectral sensitivity are formed by UVS and VS pigments with k max values in the ranges 355-380 nm and 402-426 nm, respectively (reviewed by Hart 2001 Hart , 2004 Beason and Loew 2008) .
Microspectrophotometry (MSP) of single-cone outer segments has been a valuable technique for studying the spectral sensitivities of the different photoreceptor types in various bird species (Hart 2001) . However, MSP usually requires sacrificing several birds of each species to obtain reliable measurements. Such an enterprise may be questioned for ethical reasons and impossible to undertake on rare and endangered species. Recently, molecular sequencing of genomic DNA has provided an alternative to MSP. Visual pigments in birds consist of the moieties opsin, a G protein-coupled receptor with 7 a-helical transmembrane regions, and the chromophore retinal. Their interaction determines the spectral sensitivity of the visual pigment. The avian SWS1 pigment's k max can be changed in vitro through 2 known mechanisms by replacement of amino acids in the opsin's second a-helical transmembrane region. The amino acid substitution cysteine to serine in position 90 (C90S; bovine rod opsin numbering) long-wave shifts SWS1 pigment k max of budgerigar, Melopsittacus undulatus, and zebra finch, Taeniopygia guttata, 35 ± 2 and 38 ± 1 nm, respectively (Wilkie et al. 2000; Yokoyama et al. 2000) , and the reverse substitution S90C short-wave shifts the SWS1 pigment k max of pigeon, Columba livia, and chicken, Gallus gallus 34 ± 2 and 46 ± 1 nm, respectively (Yokoyama et al. 2000) . Furthermore, the serine to phenylalanine substitution at position 86 (S86F) short-wave shifts pigeon and chicken SWS1 pigments 31 and 47 nm, respectively . A polymerase chain reaction (PCR)-based method of obtaining rough estimates of SWS1 pigment k max from genomic DNA was pioneered by Ö deen and Håstad in 2003 and validated by Ö deen and colleagues in 2009. It involves sequencing a fragment of the SWS1 gene covering amino acid positions 86, 90, and 93 and has been utilized in a wide range of avian species (Ö deen and Håstad 2003; Håstad et al. 2005 Håstad et al. , 2009 Ö deen et al. 2009 ).
Other key tuning sites have been proposed but not sequenced in the genomic DNA-based spectral sensitivity studies. One of these is position 49, which seems to be associated with the long-wave shift of the vertebrate ancestral UVS to the avian ancestral VS pigment (Shi and Yokoyama 2003) but possibly of limited significance to spectral tuning within Aves ). Another one is position 116 , which contains valine (V116) in all known VS birds . Two other potential tuning sites have been identified by Wilkie et al. (2000) based on nonconservative amino acid identities. In vitro replacement of alanine with threonine in position 118 (A118T) longwave shifts the budgerigar SWS1 pigment 3 nm but the serine-to-alanine replacement in position 298 (S298A) is apparently without effect on spectral tuning (Wilkie et al. 2000) . In this report, we have designed sets of primers for amplification of partial sequences covering all these spectral tuning sites in the SWS1 opsin and sequenced a number of avian species with known spectral sensitivity to assess the contribution of the individual tuning sites.
Materials and Methods
We extracted genomic DNA from tissue material using a GeneMole automated nucleic acid extraction instrument (Mole Genetics) and the DNeasy Blood and Tissue Kit (QIAGEN). Standard procedures were applied. Muscle tissue was sampled from a magpie, Pica pica, killed during population management programs carried out by employees at Uppsala City Council. Other tissue material was borrowed from museum collections and from the collections of colleagues. We also borrowed isolated DNA samples from colleagues and used extractions reported in Ö deen and Håstad (2003) (Table 1) . Using the degenerate primers (Ö deen and Håstad 2003) ( Fig. 1 ) SU193a or SU149a combined with SU396b 5#-RAC RAT GTA RCG CTC RAA GG-3# (originally misprinted in the 3# end), we amplified a gene fragment coding for the second and part of the third a-helical transmembrane region in the SWS1 opsin. We conducted PCR on an Eppendorf MasterCycler Gradient with reactions containing 0.5-2.5 ng/ll DNA extracts, 1 unit Taq polymerase (Applied Biosystems) plus reaction buffer, 0.4 pmol of forward and reverse primers, 0.2 mM of each dNTP, and 2 mM MgCl 2 . Reaction conditions were 3 min at 94°C; followed by 35 cycles of 30 s at 94°C, 30 s at 57°C (or 63°C with SU149a), and 90 s at 72°C; ending with 10 min at 72°C. We performed PCR on various species of Anseriformes, Columbiformes, Procellariformes, Sphenisciformes, Passeriformes, and Psittaciformes. Two percent agarose gel electrophoresis for 90 min at 80 V confirmed amplification and expected fragment length in passerine species (Table 1) . Macrogen Inc (South Korea) performed double-stranded sequencing of these PCR products using the same primers plus SU200a and SU200Ca (Ö deen et al. 2009 ).
We aligned the passerine products with SWS1 opsin genes sequenced from mRNA and published in GenBank: C. livia (accession number AF149237; Kawamura et al. 1999) , G. gallus (AJ277991; Okano et al. 1992) , M. undulatus (Y11787; Wilkie et al. 1998) , Phalacrocorax carbo (EF568933; Carvalho et al. 2007 ), Serinus canaria (AJ277922; Das et al. 1999) , and Spheniscus humboldtii (AJ277991; Wilkie et al. 2000) . This alignment was used to design new primers in conserved sites with the help of Primer3 (Rozen and Skaletsky 2000; http://frodo.wi.mit.edu/) and Primerdesign (Cybergene AB; http://www.cybergene.se/primer.html) online software. The forward primer SU80a (5#-CSM BDT GGG CST TYT ACC T-3#) was designed to amplify residuals of the amino acid at tuning site 49 in the first a-helical transmembrane region, combined with, for example, SU306b (Ö deen and Håstad 2003) or the reverse SU364b (5#-AGG ACC AVC CYG TSA CCA K-3#), which was designed to amplify amino acid sites 116 and 118 in the third a-helical transmembrane region, combined with, for example, SU193a (Ö deen and Håstad 2003) . We performed PCR and sequencing with SU80a and SU306b on Pavo cristatus and using the protocols outlined above, with the exception that annealing was at 54°C. Amino acid position 298 in the seventh a-helical transmembrane region was targeted by forward primer SU748a (5#-GTS ATG GTS GGK TCS TTC TG-3#) combined with SU905b (5#-AAG CAG TAG ATG ATG GGG TTG-3#). We conducted PCR with SU748a/SU905b on a varied sample of bird species. Reaction mix and PCR machine were identical to those described above, but reaction conditions included a pre-PCR step and were 1.5 min at 94°C; followed by 5 cycles of 30 s at 94°C and 30 s at 60°C; followed by 38 cycles of 30 s at 94°C, 30 s at 60°C; and ending with 10 min at 72°C. Cycle sequencing was performed on an ABI-Prism 310 automated sequencer and the Big-Dye Terminator Cycle Sequencing v2.0 kit, following the manufacturer's manual.
As with SU396b, amplification with SU364b failed in several species, especially nonpasserines. A long intron in position 121 may be the reason (Ö deen and Håstad 2003) . After aligning the intron sequences of Manx shearwater, Puffinus puffinus, and the passerine species (Table 1) , we found that the first 19 bp of the 5# end of the introns were conserved enough to make it possible to design a reverse primer, the 5# end of which matches the intron and the 3# end the adjacent part of the exon (using Primer3 and OligoCalc online software [Kibbe 2007] ). This primer, SU353b (5#-CCC CWY STA CCT CCR GTG-3#), was intended for amplification of amino acid position 116 together with SU193a. We tested this primer combination using the same reaction mix and PCR machine as above but with the following reaction conditions: 2 min at 94°C followed by 38 cycles of 15 s at 94°C, 15 s at 54°C, and 1 s at 72°C. Cycle sequencing was performed by Macrogen Inc (South Korea).
As a control, we sequenced genomic DNA also from species from which the SWS1 opsin gene has already been amplified from mRNA (G. gallus, C. livia, M. undulatus, and T. guttata Table 1 ).
Results and Discussion
PCR amplification produced sequences measuring 189 bp for the primer pair SU80a/SU306b; 124 bp with SU193a/ SU353b; approximately 650-900 bp with SU193a/SU364b, SU193a/SU396b, and SU149a/SU396b (including ca. 500-to 800-bp-long intron); and 117 bp with SU748a/SU905b. Our genomic SWS1 sequences were identical to published mRNA-based sequences of the same species (Table 1) . We found no previously unreported amino acid residues in positions 49, 90, 93, 118, or 298. However, S116 (Table 1) of chalk-browed mockingbird, Mimus saturninus, and common starling, Sturnus vulgaris, is a novel finding in avian SWS1 opsins (also present in bluethroat, Luscinia svecica, and Siberian rubythroat, L. calliope, sequences reported in GenBank by J. Raman and S. Andersson; accession numbers AY274225 and -6). Its effect on spectral tuning is unknown but may potentially explain some of the discrepancy between the 371-nm k max value predicted from the amino acids found in positions 86, 90, and 93 (Ö deen and Håstad 2003) and the 362-nm k max value measured with MSP (Hart et al. 1998) . Methionine in position 86 (M86), of red-billed leiothrix Leiothrix lutea, is another amino acid of unknown but potential effect on spectral tuning. The 355-nm k max measured by MSP (Maier and Bowmaker 1993 ) is 16 nm lower than that predicted on the basis of the amino acid residues present in positions 86, 90, and 93. However, much of the discrepancy between estimates and measurements of k max in these 2 species is most likely due to problems inherent in measuring UV with MSP (Ö deen et al. 2009 ).
Although alanine is not a novel finding in the avian SWS1 opsin position 116, the presence of A116 in the common magpie P. pica (Table 1 ) deserves some attention. All avian opsins confirmed to be VS by MSP carry V116 ) in combination with S90, while M116 and A116 are present in the C90-bearing UVS opsins of budgerigar, M. undulatus, and zebra finch, T. guttata (Wilkie et al. 2000; Yokoyama et al. 2000) . The magpie is the first bird reported to combine S90 with A116 (or any amino acid in 116 but valine). Its significance to spectral tuning of the SWS1 visual pigment is not known.
To better understand the evolution of color vision in birds, we need to know how these novel amino acids in position 116 and possible interaction with the main tuning position 90 affect spectral tuning. For this purpose, MSP investigation of the common magpie, P. pica, and a directed mutagenesis study of the effects of the novel amino acid combinations in vitro would be most valuable. 
